Scrapie-associated fibrils (SAF) are a ubiquitous pathological feature of brains affected by scrapie and the other scrapie-like agents. They are composed of PrP, a heterogeneous glycoprotein which is also present in normal brain but not as SAF. The PrP protein associated with SAF is partially resistant to proteinase K, whereas the soluble form is not. It has been proposed that SAF do not exist as such in vivo, but rather self-assemble from subunit structures liberated from membranes by detergent extraction during purification. We have purified SAF by a method that does not employ proteinase K. We show that the PrP protein from infected but not uninfected brain is partially resistant to protease digestion before and after detergent extraction. Likewise, SAF can be sheared by sonication before or after detergent extraction. In addition, SAF from mice infected with different strains of scrapie have different sedimentation properties. Since SAF°dependent properties exist before detergent extraction, then so must SAF. They are therefore not a detergent-induced artefact but most probably assemble in vivo.
INTRODUCTION
Scrapie in sheep is an infectious, degenerative disease of the brain. Amyloid-like fibrillar structures termed scrapie-associated fibrils (SAF) have been found in extracts from all brains tested from animals affected with this disease (Merz et al., 1981 ; Gibson et al., 1987; Scott et al., 1987) and from the associated Creutzfeldt-Jakob disease (CJD) of humans (Merz et al., 1983 (Merz et al., , 1984 . In this paper we examine the origins of SAF. Meyer et al. (1986) have stated that since SAF are not detectable by electron microscopic examination prior to detergent treatment, they form during their purification, specifically after exposure to detergent. Here we provide evidence that they form before exposure to detergent, most probably in vivo.
SAF were originally identified in membrane fractions from infected brain after treatment with the mild detergents lysolecithin, Triton X-100 or octyl glucoside (Merz et al., 1981) . Purification was first achieved using a preparation from scrapie-infected hamster brains and involved sonication, treatment with proteinase K, high concentrations of Sarkosyl, and sedimentation procedures that exploited the ability of the fibrils to aggregate (Diringer et al., 1983) . These preparations contained a protein of Mr approx. 26000, which was thought to be identical to a protein (PrP) of Mr 27000 to 30000 previously purified from scrapie-infected hamster brain (Bolton et aL, 1982) . The protein of Mr 27 000 to 30 000 was associated with 'rod'-like structures (Prusiner et aL, 1983) and it is now accepted by most (Diringer et al., 1983; Rohwer, 1984; Carp et aL, 1985) but not all Diener, 1987) investigators that SAF and rods are the same structural entity, varying only in their length. The amino acid sequence for the polypeptide has been predicted from cDNA clones of the protein's mRNA (Oesch et aL, 1985; Basler et aL, 1986) . PrP is a normal host protein which is expressed in brain and whose mRNA has been detected in other tissues (Oesch et al., 1985; Basler et al., 1986) .
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Studies on the structure of the protein purified using proteinase K digestion show that it is glycosylated (Bolton et al., 1985; Manuelidis et al., 1985) and exhibits a high degree of heterogeneity on two-dimensional (2D) polyacrylamide gels (Bolton et al., 1985) . SAF preparations from mice also contain diffuse lower Mr protein bands (Mr 24000 to 26000 and 19000 to 20000) on one-dimensional (1D) gels, which are detectable in lower amounts in preparations from hamsters . These bands show antigenic homology with the band of Mr 27000 to 30000. However, immunoblotting of brain extracts from normal or scrapie-infected brain which have not been treated with proteinase K indicates that a band of higher Mr (Mr 33000 to 35000) is present (Meyer et al., 1986; Hope et al., 1988) . SAF isolated without proteinase K treatment contain a glycosylated band (Manuelidis et al., 1985; Sklaviadis et al., 1986) of identical Mr (Mr 33 000 to 35 000) to the normal protein (Hope et al., 1986) . The Nterminal sequence of this polypeptide corresponds to that predicted for the intact normal protein (Hope et al., 1986) . It has been shown by animo acid sequencing that the protein of Mr 27000 to 30000 is produced after proteinase K digestion from the larger polypeptide (Hope et al., 1988) .
Three options exist for the timing of SAF assembly: that they assemble in vivo as a pathological consequence of the disease; that assembly is an artefactual consequence of purification, perhaps caused by the effect of detergent treatment on PrP; or that some assembly takes place in vivo but continues during purification procedures. The latter two options would require prior covalent or conformational modification of the protein in vivo to facilitate fibril formation, since there is no evidence that the protein in normal brain forms fibrils. In vivo polymerization would not necessarily depend on prior alterations to the protein's structure. If the normal protein has the capacity to form fibrils without prior disease-specified modification, fibril formation could be promoted by other disease-associated changes in the brain, for example local increases in the synthesis of the protein or reduction in its degradation.
We looked for evidence that PrP assembles into SAF in vitro by looking for differences in the way that the protein responded to proteinase K digestion and the fibrils responded to sonication. These treatments were performed before or after exposure to detergent. The effect of these treatments is likely to be altered by assembly of the fibrils. To perform these experiments we used a short purification procedure based on the original methods for isolating the fibrils (Merz et al., 1981) in which mild homogenizing conditions are normally used and proteases omitted. Since PrP and SAF retained similar properties whatever the order in which they were treated we conclude that there is no evidence for/n vitro assembly.
METHODS
Source of brain tissue. Scrapie-affected brain tissue was obtained from BSC or RIII mice injected intracerebrally with 0.02 ml of a 1% dilution of brains routinely infected with the ME7 strain or, where indicated, the 79A strain of scrapie. Hamsters (LVG strain) were injected intracerebrally with 0.05 ml of a 1 ~ brain homogenate from 263K-infected hamsters. Control brains were obtained from animals similarly injected but with brain homogenate from uninfected animals. Animals were scored for positive clinical signs. At the terminal point of the disease, as described by Dickinson et al. (1969) , brains were removed from both control and scrapie-affected animals and stored at -20 °C.
Purification of SAF. To 0.4 to 2.0 g brain was added 0.32 M-sucrose (5 ml), 100 mM-PMSF in propan-l-ol (100 ~tl) and 100 mi-N-ethyl maleimide (NEM) in propan-1-ol (100 vtl). Homogenization was carried out with 25 strokes of the B pestle of a 15 ml Dounce homogenizer. A further 15 ml of 0.32 M-sucrose was added and, after mixing, the homogenate was overlaid on 1-2 M-sucrose (7.5 ml) and centrifuged in a Beckman SW28 rotor at 10000 r.p.m, for 30 min. The entire supernatant was decanted (including the 1.2 M-sucrose underlay, but excluding loose material associated with the pellet) and rehomogenized with five strokes of the Dounce homogenizer, overlaid on 0.85 Msucrose (7.5 ml) and centrifuged in the SW28 rotor at 27000 r.p.m, for 3 h. After discarding the entire supernatant, including the underlay, the resulting pellet (the membrane fraction) was resuspended in 1 M-Tris-HC1 pH 9.0 (1 ml) and H20 (6-5 ml) with 10 strokes of the Dounce homogenizer and PMSF solution (100 ~tl), NEM solution (100 ~tl), 5 ~ Sarkosyl (2 ml) and 2-mercaptoethanol (100 p.1) were added sequentially with mixing. After incubation at room temperature for 1 h the sample was overlaid on a sucrose gradient containing 100 mM-Tris-HCl pH 9.0 and consisting of pads of 75~o (1 ml), 40% (0-5 ml), a continuous gradient formed from 1-5 ml each of 40~ and 15~, and an overlay of 15 ~ (0-5 ml) sucrose. After centrifugation in an SW28.1 rotor at 27000 r.p.m, for 18 h the bottom 0.5 ml of the gradient was discarded; the next 1.0 ml containing the 75 ~ to 40 ~ sucrose interface was collected and designated the SAF fraction.
Rate-zonal sedimentation experiments.
The pellet from the second sedimentation containing the membrane fraction, prepared as above from 0.4 g brain, was resuspended in 100 mM-Tris-HC1 pH 9.0 (5 ml) from which were taken aliquots of 1.5 ml. Portions (15 V. 1 each) of 100 mM-PMSF solution and 100 mM-NEM solution were added to each aliquot. If the samples were to be sonicated, this was performed before or after the addition of 5 % Sarkosyl (400111) and 2-mercaptoethanol (20 ~tl) with four bursts of a Kontes sonicator fitted with the microprobe. One ml of each sample was overlaid on a 10% to 30% sucrose gradient (10 ml) on 75% sucrose (0-25 ml) and centrifuged in a Beckman SW41 rotor. Fractions of 1 ml were collected downwards and centrifuged at 400000g for 1 h in a Beckman TLA 100.2 rotor. The pellets were dissolved in 0.5 ml formic acid (98%) for 30 min, lyophilized, washed in methanol, and the entire sample was subjected to SDS-PAGE.
Congo red staining. One of two aliquots of the SAF fraction was treated with 10 ktg/ml proteinase K in 50 mMTris-HC1 pH 7.4 at 37 °C for 30 min. PMSF (1 mM) and 0.05 % Congo red were added to both samples which were then centrifuged through 30% sucrose, 50mM-Tris-HCl pH 7-4 at 100000g for 30 min. The pellet was resuspended in I0% glycerol, 50 mM-Tris-HCI pH 7.4 and examined under the microscope using crossed polarizing filters.
Electron microscopy. Negative stain electron microscopy was performed according to the method of Gibson et al. (1987) . To determine the distribution of lengths of SAF, a series of six aliquots from each of the samples to be examined were coded independently, subjected to negative staining and two areas of each grid which contained some SAF were photographed. The length of all SAF with both ends identifiable, free or in clusters, in each electron micrograph was determined using the MOP Videoplan (Kontron). The average length of the SAF in each aliquot was calculated before the code was broken.
Gel electrophoresis. One-dimensional SDS-PAGE was performed according to the method of Neville (1971) , using a 7.5 % to 20 % gradient of acrylamide with a ratio of acrylamide to N,N-methylenebisacrylamide of 20 : 1 in a 1.5 mm thick slab gel and lower gel buffer of pH 9.5. Protein standards of Mr 12300, 17200, 30000, 45000, 66250 and 77000 (BDH) were used. Non-equilibrium pH gradient gel electrophoresis (NEPHGE) was performed as described by O'Farrell et al. (1977) with 50% each of Ampholines pH 3-5 to 9.5 and pH 5.0 to 8-0 (LKB). Gels were silver-stained (Sammons et al., 1981) . Electroblotting onto nitrocellulose paper was performed (Towbin et al., 1979) with 0.01 ~ SDS included in the elution buffer. The paper was blocked in 50mM-Tris-HCl pH 7.4, 154 mMNaC1, 3 mM-NaN3 (B buffer) with 1% bovine serum albumin for 1 h at 43 °C, washed in B buffer, 0.1% Tween 20 for 10 min at room temperature, reacted with rabbit antiserum at 1 : 500 dilution in B buffer, 1% Tween 20 for 1 h at 37 °C, washed three times for 10 min each in B buffer, 0.1% Tween 20 for 1 h at room temperature, reacted with alkaline phosphatase-conjugated goat anti-rabbit IgG, 1 : 1000 dilution in B buffer, 1% Tween 20 for 1 h at 37 °C, and developed with nitro blue tetrazolium (0.33 mg/ml) and 4-bromo-4-ehloro-3-indoyl phosphate (0.17 mg/ml) in 0.1 M-Tris-HC1 pH 9.5, 0.1 M-NaCI, 0.05 M-MgCI2 at room temperature. When the colour had developed the reaction was stopped by washing in H20. The antiserum was generously supplied by Dr H. Diringer. It was raised against proteinase K-treated PrP, which was extracted from hamsters infected with the 263K strain of scrapie.
RESULTS

Purification of SAF
SAF were partially purified with the minimum of biochemical manipulation and without the use of proteinase K or sonication. Nuclear and myelin fractions were removed in a manner similar to that described by Doddet al. (1981) for the purification of a synaptosomal fraction.
The membrane fraction obtained was solubilized at pH 9-0 with Sarkosyl and 2-mercaptoethanol, followed by sedimentation through a sucrose gradient. In the 40~ to 75~ sucrose interface, designated the SAF fraction, large numbers of SAF of various lengths were routinely seen by negative stain electron microscopy ( Fig. 1 a) . Some occurred as clusters. The fibrils were about 14 nm wide and usually consisted of two filaments each 3 nm wide. They varied in length from 60 to 600 nm. SAF of shorter average length, but otherwise having the same dimensions and staining properties, were observed after sonication (Fig. 1 b) . No SAF-like structures were seen in preparations from control brains. If required, residual protein contamination in the resulting SAF fraction could be removed by digestion with proteinase K (Fig. 2, lane 4) and sedimentation through another sucrose gradient, but this was not performed routinely. Congo red staining of the SAF fraction revealed clumps of fibrillar material with green-red birefringence which was enhanced if fractions were treated with proteinase K (results not shown).
Analysis of PrP on 1D and 2D gels
One-dimensional SDS-PAGE of the SAF fraction revealed four major diffuse bands when stained with silver (Fig. 2, lane 1) with Mr values of 30000 to 34000, 27000 to 29000, 24000 to (Fig. 2, lane 5) . On 2D gels the protein resolved into many charge-size variants (Fig. 3a) within six regions (indicated in Fig. 3b ), of which three (B34, B29 and B25) were more basic than the others (A29, A25 and A20). An identical pattern of charge-size variants was observed by immunoblotting. No similar protein was seen in the 'SAF fraction' obtained from control brains (results not shown).
On 1D gels the band of Mr 30000 to 34000 was absent after proteinase K treatment of the SAF fraction (Fig. 2, lanes 2, 4, 6 and 8) (Hope et al., 1986) . On 2D gels charge-size variants in the three more basic regions were absent (Fig. 3 e and d) and there appeared to be an increase in staining in the three more acidic regions. Membrane fractions treated with proteinase K before detergent treatment (Fig. 2, lanes 2 and 6; Fig. 3c ) produced patterns on 1D and 2D gels similar to those seen when digestion was performed after detergent treatment (Fig. 2, lanes 4 and 8; Fig.  3 d) By contrast, if SAF were solubilized in SDS or formic acid before treatment with proteinase K, the protein was totally susceptible to proteinase K treatment (Fig. 4, lanes 4 and 6) .
Rate-zonal sedimentation of S A F
Membrane fractions were treated with detergent and overlaid directly on 10~ to 30~ gradients. After centrifugation, the distribution of SAF was assumed from the amount of PrP present in each fraction following SDS-PAGE. Comparison of two strains of scrapie showed that PrP from the ME7-affected brains sedimented further into the gradient (Fig. 5 b) than those from 79A-affected brains (Fig. 5a ), suggesting differences in the length of the SAF or in the degree of clustering. Although larger amounts of PrP are obtained from ME7-than 79A-affected brains [about twofold more on 1D SDS-PAGE (results not shown)] more PrP was still found in lower fractions from ME7 samples when the amounts were adjusted to compensate (Fig. 5) . Indeed PrP from fourfold less of the ME7 sample than the 79A sample still sedimented further (results not shown). The possibilities for in vitro formation of clusters of SAF were limited because there was no sedimentation step after the detergent treatment and before application to the rate-zonal gradient. The SAF fraction (lanes 1 and 5) was purified as described in Methods. In lanes 2 and 6 the membrane fraction was treated with proteinase K before the standard detergent treatment to obtain the SAF fraction; that in lanes 3 and 7 was treated identically except that proteinase K was omitted. In lanes 4 and 8 the purified SAF fraction was treated with proteinase K. Proteinase K was added to the samples at a final concentration of 10 ~tg/ml and incubated at 20 °C for 30 min. The reaction was stopped by adding PMSF to a final concentration of 1 mM. A sample equivalent to 5.3 mg of brain was applied to each well.
Effect of sonication
Membrane fractions from ME7-infected mice were subjected to sonication before (Fig. 6b) or after (Fig. 6c) detergent treatment, and the sedimentation properties of SAF were compared with those of an unsonicated aliquot (Fig. 6a) by rate-zonal sedimentation. The distribution of PrP was shown by S D S -P A G E of each gradient fraction. The PrP from the unsonicated fraction was found widely spread throughout the gradient, most sedimenting the entire length of the gradient (Fig. 6a, fraction 10 ), but most PrP from both sonicated fractions was found in fractions nearer the top (Fig. 6b and c) . Less contaminating protein sedimented in Fig. 6 (c) presumably because sonication in the detergent enhanced protein solubilization. In a similar experiment one of two aliquots of a membrane fraction was sonicated and then both were treated with proteinase K before the addition of detergent and rate-zonal sedimentation. Again PrP in the sonicated fraction was found nearer the top of the gradient t h a n in the unsonicated material. Other brain proteins c o n t a m i n a t i n g the sample were reduced in amount, although proteinase K sometimes tended to co-sediment with the S A F (results not shown). The effect of sonication was also determined by direct measurements. The S A F purification procedure was followed as described. However, immediately before Sarkosyl and 2-mercaptoethanol were added, one sample was sonicated as in the rate-zonal experiments. A n o t h e r sample was sonicated immediately after the Sarkosyl and 2-mercaptoethanol were added. C o d e d aliquots of the S A F fraction from each sample were then subjected to negative stain electron microscopy and S A F were measured as described in Methods. Although their sizes ranged from 60 to 600 nm, in each case there were fewer long S A F in the sonicated samples. O n average S A F were significantly shorter after sonication, whether this was performed before or after exposure to detergent (Table 1) . All methods of purifying fibrils from scrapie-affected brain have combined centrifugation and treatment with Sarkosyl. The present procedure depends first on subcellular fractionation to remove nuclei in the first sedimentation, which would otherwise contribute large amounts of nucleic acid, and myelin in the second sedimentation, which would contribute poorly soluble membrane to subsequent steps. Solubilization with Sarkosyl dissolves essentially all remaining tissue components except for SAF. A partial purification of SAF as judged by negative stain electron microscopy and of PrP as judged by 1D and 2D gel electrophoresis is obtained after density gradient sedimentation. The present procedure omits two features of earlier extraction methods (Diringer et al., 1983; Prusiner et al., 1983; Kascsak et al., 1985) : vigorous disruption techniques (e.g. with sonication) which fragment the fibrils, and proteinase K treatment which partially degrades the component protein. The formation of a pellet after detergent treatment is avoided so as to reduce formation of clusters of the fibrils. Because of the mild isolation conditions and minimization of proteolytic damage the purified SAF should undergo little structural change during purification.
The purification method used here was derived from those of Merz et al. (1981) and Somerville et al. (1986) , the main difference being the use of Sarkosyl rather than milder detergents. Our purified structures are identical to the fibrils originally described by Merz et al. (1981) , in distribution of lengths, dimensions of the component filaments and general staining properties when examined by negative stain electron microscopy. The fibrils are also similar to SAF purified from CJD-infected brain by Manuelidis et al. (1985) who did not use sonication, and Hope et al. (1986) who did not use proteinase K. The length of the fibrils was reduced by sonication ( Fig. 1 and Table 1 ) and these sonicated fibrils closely resembled those reported by Diringer et al. (1983) . The protein composition of the fibrils prepared without proteinase K treatment was identical to that found by Manuelidis et al. (1985) , Hope et al. (1986) and Meyer et al. (1986) . The composition of the fibrils prepared with proteinase K from scrapie-infected hamster brain is identical to that of Diringer et al. (1983 ), Prusiner et al. (1983 ), Bolton et al. (1985 and Kascsak et al. (1985) (results not shown). Therefore the evidence presented in this paper confirms the original identification of the fibrils in the preparations of Diringer et al. (1983) as SAF. This conclusion is sustained by Merz et al. (1987) who isolated SAF according to the original methods of Merz et al. (1981) and showed that they consist of PrP by using antisera to PrP to decorate the fibrils in negatively stained preparations. Congo red-stained preparations also showed green-red birefringence, which was originally observed by Prusiner et al. (1983) but not detected in the original preparations of SAF (Merz et al., 1981) presumably because of their low concentration. Differences in appearance of other preparations of SAF are due to the different negative staining procedures used or to the harsh physical and chemical treatments used during purification.
Two-dimensional gel analysis shows that the protein which forms SAF consists of a series of charge-size variants which are grouped into six regions on the gel. It seems reasonable to assume that these regions represent major differences in the structure of the protein, with only minor structural differences within each region (Somerville & Ritchie, 1988) . Treatment of purified SAF with proteinase K removes the three more basic regions and appears to enhance staining of the three more acidic regions. This is consistent with sequence data showing that proteinase K removes 67 residues from the N-terminal sequence (Oesch et al., 1985; Hope et al., 1986 ) and these amino acids are predominantly basic. Presumably the forms of the protein in more acidic regions on 2D gels from SAF samples not treated with proteinase K arise from endogenous proteolytic digestion of the more basic forms (Hope et al., 1988) .
The resistance of PrP to proteolysis may arise either from a change in the protein that precedes fibril assembly or as a consequence of assembly. PrP from normal brain is susceptible to total degradation by proteinase K (Meyer et aL, 1986) as is the protein prepared from fibrils after dissolution with SDS or formic acid. By contrast, PrP is resistant to proteolysis when assembled into SAF. When membrane fractions from scrapie-affected brain were treated with proteinase K before detergent treatment, SAF-associated PrP was partially resistant to proteolysis: there was no difference on 2D gels between the protein of the SAF subsequently isolated, and purified SAF treated with proteinase K. Hope et al. (1988) showed that endogenous cleavage of PrP in SAF occurs in sequences similar to those cleaved by proteinase K. Therefore PrP shows the same properties of resistance in all these cases as it does in purified SAF; it does not behave like solubilized PrP from SAF, or PrP in membrane fractions of normal brain. There is no evidence that covalent changes in PrP confer proteolytic resistance or that conformational change without fibril formation takes place. The simplest explanation is that fibril formation (i.e. assembly of PrP into recognizable SAF or small fragments of the fibrillar structure) confers proteolytic resistance.
Sizing experiments on SAF show that their length depends on the degree of shearing force applied during the preparation. Their sedimentation properties also depend on the shearing forces applied and on the strain of scrapie agent. Kascsak et al. (1985) during their purification of SAF which included sonication noted that SAF from infected hamster brain sedimented further than those from mouse brain. In our experiments the sedimentation properties of PrP isolated from mice varied according to the strain of scrapie (Fig. 5) . Sonication of membrane fractions before exposure to detergent produced SAF of similar lengths (Table 1) and PrP with similar sedimentation properties (Fig. 6 ) to SAF sonicated after detergent treatment. However they were shorter and sedimented more slowly than samples that were not sonicated. If SAF were artefactually assembled after detergent treatment then it is unlikely that their size would have been affected by sonication before detergent treatment or that the strain of agent would have had an effect.
In conclusion, our studies using proteinase K and ultrasonication suggest that SAF and their component protein exist as a fibril-like structure before detergent treatment. Supporting evidence is the observation of SAF on washed electron microscope impression grids taken directly from scrapie-infected brain sections (Narang et al., 1988) . This conclusion contradicts the opinion of Meyer et al. (1986) who suggest that fibril formation only occurs in vitro after the dissolution of membrane with detergents. Their evidence is that fibrils have not been observed electron microscopically before detergent treatment. However this could be due to the difficulty in detecting SAF in the brain or membrane fractions because of an intimate association with normal components of the brain. SAF have occasionally been observed before detergent treatment (Somerville et al., 1986) . The hypothesis of Meyer et al. (1986) also requires that a covalent or conformational change in PrP precedes fibril formation. No such change has been detected. Conformational change might be induced by a second molecule, but so far such a molecule has not been described. It has also been claimed that SAF can be functionally solubilized into detergent lipid micelles (DLP), with an average of two to four molecules of PrP per DLP (Gabizon et al., 1987) . However the complete solubilization of PrP into monomers has not been demonstrated, and no experiments have been reported that show that SAF are absent after the DLP are destroyed. Either SAF reassemble or they are sequestered intact in the DLP. Therefore no positive evidence has yet been found which supports assembly of SAF after detergent treatment.
In summary, our data provide evidence that SAF are formed in vivo. There is no positive evidence that fibril formation takes place in vitro and hence no need to postulate that it does.
